Basic asymmetric behavior is experimentally observed in a polished polarization-maintaining fiber coupler. As the two half-couplers are made to slide on top of each other, the output extinction ratio exhibits relatively large variations whose forms depend on the fiber that is selected for the input. We propose that a local distortion of the fiber birefringent axes, which could be caused by the half-coupler polishing process, can generate such features even when the launched light is perfectly polarized along a principal axis of the input fiber.
Polarization-maintaining fiber directional couplers are of considerable importance in fiber-optic systems that require tight control of the light polarization state. The main requirements of these devices, which are mostly used in fiber-optic sensors, are to split and combine light beams into or from two distinct polarization-maintaining fibers while at the same time maintaining to a high degree the linear polarization state of the light. There are two types of commercially available devices, fused 1 and polished 2 couplers, both of which exhibit only moderate polarizationpreservation characteristics, in the 15-30-dB range. Our theoretical investigations of the polished-type coupler 3 have confirmed that the inevitable finite alignment accuracy of the birefringent axes of the two fibers leads to a degraded extinction performance. Moreover, it was predicted that transversely sliding the two halves of the polished coupler with respect to each other not only changes the coupling ratio but also has a considerable effect on the extinction ratios in both output ports of the coupler.
To check the validity of these theoretical predictions, we set up an experiment for the characterization of such a coupler. The coupler is made of <2-mm beat-length (at 820 nm) polarization-maintaining fibers (of the stress-induced type). In each experiment we illuminated one input fiber with light polarized along one of its principal axes and measured the output power at each of the principal axes of the two fibers simultaneously.
We adopted the following notation: Per) is the power at the output of the ith polarization mode (i = 1, 2) of fiber r (r = a, b). When the birefringent axes are nearly aligned, most of the power is always split between twin (polarizationwise) modes, thus the coupling ratio (CR) is defined by p~q)
when power is injected to the ith polarization mode of fiber r, and Piq) designates the power coupled to the twin mode of fiber q (q F r). Both output extinction ratios (ER's) are given by
for the case of power launched into the ith polarization mode (i = 1, 2) of either fiber. The experimental setup is described in Fig. 1 . Light from a collimated GaAs semiconductor laser (LD) was coupled to the selected input mode through a rotatable 50-dB polarizer that permitted the input polarization to match the selected principal axis to better than ±0.50. At the fiber outputs the light beams were collimated by two gradient-index (GRIN) lenses. Two 50-dB Wollaston prisms were used to separate the powers in the orthogonal polarization modes of each of the fibers. These powers were then simultaneously measured by a set of four matched detectors. The two half-coupler blocks were mounted in a device that permits precise relative translations of the two blocks along two orthogonal axes in the blocks' plane of contact. These are the longitudinal and transverse movements, along and perpendicular to the two parallel fibers. Index-matching oil was inserted between the two blocks, and the longitudinal position was set to yield maximum coupling. During each of the experiments the upper block was slid along the top of the lower block in the transverse direction at a constant speed of 0.5 /im/sec with a motorized translation stage. During the movement the four detector outputs were sampled at a rate of 5 Hz (a sample every 0.1 gm of motion), digitized, and stored. After the measurement was repeated several times to ensure consistency of results, the input mode was changed and the process was repeated. This way all four cases were checked, i.e., the power was launched sequential- ly to the two modes of each of the two fibers. Then the input and output ports were exchanged and the measurements were repeated, so that a total of eight cases were investigated. For each case the CR and both the ER's were computed [see Eqs. (1) and (2)] and plotted as a function of the transverse fiber offset.
Typical experimental results are shown in Figs. 2(a) and 2(b). The CR was found to be practically independent of both the input fiber and excited polarization mode. The CR increased as the fibers got closer, reaching a maximum coupling of _99.5% and then dropping to a local minimum of 98.5%, which results from overcoupling (i.e., an interaction length greater than the coupling length 3 ). This local minimum occurred when the two curved fibers were on top of each other, i.e., at zero transverse offset. When the transverse motion continued, the offset increased, and the CR curves were completed symmetrically. Also common to all cases was the fact that the ER curves for the fiber to which light was coupled were relatively flat and varied only within the limited range of 14-16 dB.
For clarity these curves are omitted from Fig. 2 .
On the other hand, the ER curves of the uncoupled power, i.e., at the output of the same fiber to which light was injected, showed interesting features. Most notable is the fact that the polarization-maintaining characteristics of the coupler are no longer symmetric: When light was injected into the lower fiber, regardless to which of its axes or ends, the experiment yielded the behavior shown in Fig. 2(a) . However, injecting the light into the upper fiber yielded consistent results of the form shown in Fig. 2 Since the refractive indices along the two principal axes of a birefringent fiber are not equal, the CR's between corresponding polarization modes are slightly different, and the shape of the ER curves is expected to depend on the state of polarization of the light that reaches the coupler. However, when the light reaching the coupler is perfectly polarized along a principal axis of the input fiber, this asymmetric behavior of the ER is inconsistent with the current theoretical models of the polished coupler, even when the principal birefringent axes of the two fibers are not parallel. 3 ' 4 In our previously published theoretical model of the coupler, 3 light coupling between two identical polarization-maintaining fiber cores embedded in a uniform isotropic cladding with their principal axes somewhat tilted relative to each other is described in terms of coupled-mode theory, using the vector basis of the four eigenmodes of the isolated fibers. Here the only mechanism for power transfer between orthogonal polarization modes, causing the decrease of the ER, is the relative uniform tilt angle between the principal axes of the two fibers, introduced by the finite manufacturing accuracies. This model predicts coupling coefficients that depend solely on the relative tilt angle between the two fibers, 3 and, therefore, the ER's of The polishing process of the half-coupler can release some of the high stresses that were built into the polarization-maintaining fiber during its manufacture. In the central part of the half-coupler, where the core is only a few micrometers off the polished surface, and for an originally tilted fiber, one can easily see how this release of stress gives rise to an extra tilt and stretch of the dielectric tensor, which in turn should reduce the offsets] or when the coupler is disassembled, the measured ER of each of the half-couplers is only 15 dB as opposed to more than 30 dB for the unperturbed fiber of the same type and length. In the following, we analyze a full coupler made of two identically distorted half-couplers and show that a refined model comprising an additional tilt (and an optional index change) at the center of each half-coupler can indeed predict the asymmetric behavior of the ER's in Figs. 2(a) and 2(b) , even when the launched light is perfectly polarized along a principal axis of the input fiber.
Since the numerical algorithm of Ref. 3 allows for parameter variations along the propagation axis, it has been relatively easy to implement this refinement. The theoretical model had to be supplied with many parameters. These are divided into groups of known parameters, parameters whose values could be directly deduced from the experimental setup or results, and other parameters whose values had to be guessed or tried. The wavelength is 0.82 ym, the fiber core diameter is 4 gim, and the indices of refraction were taken to be 1.4530 for the isotropic cladding and n 1 = 1.4590 and n2 = 1.4596 for the two principal axes in the core, which correspond to a beat length of 1.8 mm. The basic tilt between the principal axes of the two fibers was assumed to be 20 and uniform along the entire coupler. The fiber radii of curvature are 25 cm, with a minimum center-to-center separation (at zero transverse offset) of 5.46 Am. The dielectric tensor perturbations, equal for both fibers, comprised both an additional 5.5° tilt (in the same direction for both halfcouplers) and a stretching of 3(n 1 -n 2 ) = 0.0001, uniform along a length of 1.34 mm at the coupler center.
The theoretical curves of Figs The large ER variations may be important when such a coupler is used as a weak tapping coupler, extracting a small fraction (say 3%) of the input power into one of the output fibers. This can be accomplished either by tuning the coupler to CR = 97%, taking the output from the input fiber, or by using the other output port with CR = 3%. This study clearly shows that these two possibilities may not be equivalent as far as the ER's are concerned. In the above example, while the latter case will always yield an output ER of 15 dB independent of what input fiber is selected, the former case will yield an ER of 18 dB when one of the fibers is selected for the input [ Fig.  2(b) ], and an ER of only 10 dB when the other fiber is selected [ Fig. 2(a) ].
In summary, the measured ER at the end of the input fiber in a polarization-maintaining coupler showed both a pronounced dependence on the selected input fiber and significant variations in the range of 8-20 dB. While these features can be observed under imperfect launching conditions (polarizationwise), we have proposed an alternative model that predicts the same features even when light reaching the coupler is perfectly polarized along a principal axis of the input fiber. This theoretical model of the coupler that, for the first time to our knowledge, takes into account the local distortion of the fiber birefringent axes, possibly caused by the half-coupler polishing process, has yielded results that remarkably resemble the experimental ones, including the asymmetric behavior. Note that local distortion, while serving as still another mechanism that can degrade coupler performance, varies from coupler to coupler, and its minimization can improve the polarization-preserving capability of polished-type polarization-maintaining couplers.
